
ORIGINAL PAPER

Proton-conducting I-Carrageenan-based biopolymer electrolyte
for fuel cell application

S. Karthikeyan1
& S. Selvasekarapandian2

& M. Premalatha2,3 & S. Monisha2,3 &

G. Boopathi2,4 & G. Aristatil5 & A. Arun6
& S. Madeswaran7

Received: 31 August 2016 /Revised: 5 November 2016 /Accepted: 7 November 2016 /Published online: 20 December 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract The essential part of electrochemical devices, such
as fuel cells and batteries, is the polymer electrolyte with good
mechanical, thermal, and chemical stability. The search for a
new proton-conducting membrane with easy processability,
non-toxic, and low-cost has been growing rapidly. The bio-
based polymer electrolytes are now receiving much attention
due to the green environment. Among the commercially avail-
able biopolymers, iota-Carrageenan (I-Carrageenan) is one of
the biopolymer with good film-forming nature and with good
mechanical stability. I-Carrageenan-based biopolymer mem-
branes doped with ammonium bromide (NH4Br) have been
prepared using solution-casting technique, and distilled water
is used as a solvent. The prepared I-Carrageenan-based bio-
polymer membranes have been characterized using FTIR,
XRD, and AC impedance techniques. The complexation

between the polymer and salt has been revealed by FTIR.
The increase in the amorphous nature of the film due to the
addition of salt has been confirmed by XRD. From AC im-
pedance technique, the conductivity of pure I-Carrageenan
has been found to be 1.46 × 10−5 S/cm. The addition of dif-
ferent wt% of NH4Br increases the conductivity and reaches
the highest value of 1.08 × 10−3 S/cm for 20%NH4Br, and the
conductivity decreases on further addition of NH4Br due to
the formation of ion aggregates.
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Introduction

Solid polymer electrolytes are widely studied as they have
many advantages over liquid electrolytes such as flexibility,
compactness, light weight, leak proof, and good film-forming
property [1, 2]. Polymer electrolytes based on natural poly-
mers such as chitosan [3], starch [4], and cellulose derivatives
[5] are being widely investigated because of their abundance
in nature, low production cost, biodegradability, and non-toxic
nature [6]. Proton conduction in solid polymer electrolytes is
investigated by many researchers. In general, proton conduc-
tion through polymer electrolyte is described by two mecha-
nisms [7]. One is the hopping of a lone proton from one site to
another site (Grotthuss mechanism) and the other is by the
transfer of proton which is attached to a vehicle such as
H3O

+ (Vehicle mechanism). In polymer electrolytes doped
with ammonium salt, the main contribution to ionic conduc-
tion is the proton that comes from NH4

+ ion [8–10].
Carrageenan is the name representing a natural polymer

extracted from red algae. It consists of linear sulfated polysac-
charides of D-galactose and 3,6-anhydro D-galactose. It is a
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water-soluble polymer extensively used in food industries as
stabilizer, thickener, emulsifier, and gelling agent [11, 12]. It is
also used in pharmaceutical and cosmetic industries [12]. A
few works have been reported in literature to make polymer
electrolytes using Carrageenan. Polymer blends prepared
from poly (3,4-ethylenedioxythiophene) (PEDOT) and κ-
Carrageenan was reported by C A Ng et al. as a polymer
electrolyte in dye-sensitized solar cell [13]. They reported a
low efficiency of the solar cell using the prepared electrolyte
in converting solar energy to electrical current. A conductivity
value of 3.25 × 10−4 S/cm was reported for a polymer elec-
trolyte based on kappa-Carrageenan and cellulose derivatives
[14]. N. E. A. Shuhaimi reported a polymer-salt complex
made from chitosan, κ-Carrageenan, and ammonium nitrate
and achieved a conductivity value of 2.39 × 10−4 S/cm [15]. A
polyelectrolyte complex based on carboxymethyl-kappa-
Carrageenan was reported by Sonia Lefnaoui et al. for drug-
delivery application [16]. In this present work, a polymer-salt
complex based on iota-Carrageenan is prepared. Ammonium
bromide is added as a dopant. Structural and conductivity
studies are reported.

Experiment

Membranes of I-Carrageenan with different mol wt% of am-
monium bromide (NH4Br) were prepared by solution-casting
method. The amount of I-Carrageenan is fixed (1 g) for all
films. Different mole weight percentages (0, 10, 20, and 30) of
NH4Br were added to I-Carrageenan. Distilled water was used
as a solvent. Each composition was thoroughly mixed using a
magnetic stirrer, and the resulting homogenous solutions were
transferred to petri disks. They were kept at room temperature
to evaporate solvent, and dry films were obtained and used for
performing different studies. X- ray diffraction (XRD) pat-
terns of all the membranes were recorded at room temperature
using X-ray powder diffractometer with Cu kα radiation
(λ = 1.5405 Å) in a wide 2θ (Bragg angle) range
(10 ≤ 2θ ≤ 90). FTIR (Fourier transform infrared) spectrosco-
py was performed at room temperature using Bruker spectro-
photometer in the wave number range of 400–4000 cm−1. AC
impedance spectroscopy was done with the help of HIOKI
3532 LCR meter in the frequency range from 42 to 1 MHz.

Results and discussion

XRD study

Figure 1 shows the XRD patterns of polymer (i-Carrageenan)
membrane doped with different amount of NH4Br. Sharp dif-
fraction peaks present in the undoped Carrageenan membrane
at 31.70° and 45.66° may be due to the presence of inorganic

impurities [17, 18]. Sharp peaks disappeared in XRD patterns
of all doped films. A broad peak around 23° in all films shows
the amorphous nature of the prepared films. Increase in the
broadness of the peak with doping represents an increase in
the amorphous nature. The appearance of small peaks in films
of 20 and 30 mol % doping of NH4Br may be an indication of
aggregate formation. Archana Sharma et al. also observed
many crystalline peaks for the pure Carrageenan sample and
a strong reduction in the peak height was seen after the addi-
tion of gelatin to prepare crosslinked cryogel [19].
Disappearance of peaks indicates that the interaction between
the salt and polymer leads to a reorganization of the polymer
structure and the polymer-salt complex becomes more amor-
phous [20, 21].

FTIR study

Figure 2a, b shows the FTIR spectra of undoped i-
Carrageenan and doped polymer membranes in the range
from 500 to 4000 cm−1. Frequencies of absorption peaks
and their assignments are listed in Table 1. Interaction be-
tween the polymer and the ammonium salt is identified by
the shift in the vibrational frequency for the doped polymer.
The vibrational peak of O–H group centered at 3380 cm−1 for
the undoped film is moved to 3387, 3386, and 3387 cm−1 for
the film doped with 10, 20, and 30% NH4Br, respectively.
There is no shift for the peak corresponding to O=S=O
stretching. But the peak at 706 cm−1 corresponding to the
sulfate on C-4 of galactose in the undoped membrane is
moved to 718 cm−1 for all doped membranes, and the vibra-
tional frequency of 803 cm−1 corresponding to C–O–SO3 on
C2 of 3,6-anhydrogalactose has shifted to 801 cm−1 for all
doped membranes. There is no shift in frequency found for
C–O–C of 3,6-anhydro-o-galactose. The shift in wavenumber
observed in the FTIR spectra of the doped membranes

Fig. 1 X-ray diffraction pattern of Carrageenan membranes doped with
NH4Br
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confirms the possible interaction of ammonium ion with the
hydroxyl and sulfate group and the formation of polymer-salt
complex [22].

Conductivity study

Figure 3 shows the Cole-Cole plot for all membranes
recorded at room temperature. All the curve show a
tilted spike which represents an equivalent circuit
consisting of a resistor connected in series with a con-
stant phase element [31]. The value of bulk resistance is
extracted with the help of and thus the conductivity
value is calculated by EQ software developed by
Boukamp [32]. The absence of semicircle indicates that
the ionic conductivity is mainly due to mobile ions.
From the value of bulk resistance (Rb) extracted from
EQ software, ionic conductivity has been calculated
using the following equation.

σ ¼ l
ARb

Scm−1 ð1Þ

l is the thickness of the membrane in centimeter and A is the
contact area in square centimeter.

Conductivity of the pure I-Carrageenan membrane was
calculated as 1.46 × 10−5 S/cm. Conductivity increases
by the addition of ammonium bromide and reached a
maximum value of 1.08 × 10−3 S/cm for the membrane
doped with 20 mol wt% of NH4Br. Conductivity value
decreases on further addition of ammonium salt. This
may be due to the aggregate formation which is blocking
the ion motion. Conduction spectra for the highest
conducting membrane at different temperature are shown
in Fig. 4. Conduction spectra show two distinct regions,
a dispersion region at low frequencies and a frequency
independent region at high frequencies. Dispersion effect
is due to the ion blockage at the electrode-electrolyte

Fig. 2 a FTIR spectrum for the undoped iota-Carrageenan membrane. b
FTIR spectrum for NH4Br-doped membranes

Table 1 List of observed
vibrational frequencies of iota-
Carrageenan membrane and their
assignment

Wave number (cm−1) Assignment References

3380 O–H stretching vibration [23, 26]

2920 C–H stretching vibration [23, 26]

2852 O–CH3 vibration [25]

1635 H–O–H (adsorbed water) deformation band [28–30]

1432 Stretching vibrations of carboxylate anions [28]

1222 O=S=O (ester sulfate group) [12, 18, 23]

1157 C–O stretching band of the C–O–H group [18]

1067 C–O of 3,6-anhydrogalactos [24]

1025 C=O and S=O modes [30]

920 C–O–C of 3,6-anhydro-o-galactose [27]

848 –O–SO3 at C-4 of galactose [24, 28]

802 C–O–SO3 on C2 of 3,6-anhydrogalactose [24]

706 Sulfate on C-4 of galactose [25, 26]

570 O=S=O bending [26]
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interface. Plateau region corresponds to the bulk conduc-
tivity. DC conductivity values which are obtained by
extrapolating the plateau region to zero frequency are
in agreement with those obtained from the equivalent
circuit model. Temperature-dependent conductivity was
recorded for the film having the maximum conductivity
at room temperature and is shown in Fig. 5. It shows a
linear relation between ln σ and 1/T and obeys Arrhenius
relation which is given by

σ Tð Þ ¼ σ0e
−Ea
KTð Þ ð2Þ

σ0 is the temperature independent constant, K is the
Boltzmann constant, Ea is the activation energy, and T is the
absolute temperature. Activation energy is calculated and is
the lowest (0.1874 eV) for the Carrageenan membrane doped
with 20% NH4Br.

The contribution to the total ionic conductivity as a result of
charge transport comes from both anion and cation.
Introducing large and heavy anion can improve the cationic
conductivity which is important to consider in proton conduc-
tors. In our previous study on PAN + NH4Br polymer electro-
lyte system, it was shown that mobility and diffusion coeffi-
cient of cation are much higher than that of anion and increase
with the conductivity [33]. Hence, the ionic conduction is
predominantly by proton in this type of polymer electrolyte.

SEM study

Figure 6a, b shows the SEM image of the pure Carrageenan
and the Carrageenan doped with 20 mol wt% of NH4Br, re-
spectively. Doped film shows more roughness compared to
the pure membrane. From SEM images, it is seen that the
addition of NH4Br strongly affects the surface morphology
of the membrane. Some pores and grain like structures are
visible in the doped membrane. Appearance of pores may be
due to the evaporation of the solvent [34]. Formation of grain
like structures may be due to presence of added salt interacting
with the polymer host [35].

Linear sweep voltammetry study

Electrochemical stability of the highest conducting polymer
electrolyte is evaluated by linear sweep voltammetry (LSV)
with two electrode system. A linearly varying potential, from
0 to 5 V at the scanning rate of 1 mV/s, is applied and the
change in current is recorded. Stainless steel electrodes are
used. One is used as a working electrode. Both reference
and the counter electrode are connected together. The mea-
surement was done at room temperature. The electrolyte is
stable up to 2.1 V as shown in Fig. 7. This result shows that
the prepared electrolyte is suitable for the construction of a

Fig. 5 Arrhenius plot for the highest conducting Carrageenan membrane
doped with 20 mol wt% of NH4Br

Fig. 4 Conduction spectra for the membrane doped with 20 mol wt% of
NH4Br at different temperatures

Fig. 3 Cole-Cole plot for Carrageenan membranes doped with different
concentrations of NH4Br
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proton battery which is having the working voltage around
1 V. Increase in voltage beyond 2.1 V causes a current to begin
to flow as a result of the decomposition of the polymer
electrolyte.

Conclusion

Polymer electrolytes based on I-Carrageenan complexed with
NH4Br have been prepared by solution-castingmethod. Broad
peak observed in XRD pattern shows the amorphous nature of
prepared membranes. FTIR study confirms the complex for-
mation between the polymer and the added salt. The maxi-
mum conductivity of value 1.46 × 10−5 S/cm has been obtain-
ed for the film doped with 20 mol wt% of NH4Br. Arrhenius
nature of ionic conductivity is observed. SEM analysis reveals
the effect of the addition of salt on the surface morphology of
the membrane. Electrochemical stability window of 2.1 Vwas
measured for the membrane of the highest ionic conductivity.
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